Suzuki-Miyaura cross-coupling reactions of heteroaromatics catalyzed by palladium supported in the cavities of amino-functionalized silicious mesocellular foam is presented.
INTRODUCTION
The Suzuki-Miyaura cross-coupling reaction is one of the most commonly employed transformations for formation of carbon-carbon bonds. Due to the mild reaction conditions, the availability of reagents, and the broad functional group tolerance of this transformation, it has found extensive use in synthetic organic chemistry. [1] [2] [3] Heterobiaryls are common structural motifs in biologically active compounds, including drugs in clinical use (Figure 1 ), 4 and these compounds should be readily available via cross-coupling methodology. Drugs containing aromatic heterobiaryl motif. 5, 6 However, there are only a handful of Suzuki-Miyaura procedures that tolerate a wider scope of heterocycles as these cross-coupling reactions typically result in low yields or complete catalyst inhibition. [7] [8] [9] 4 tion is less than 10 ppm. 12, 13 For this reason, the development of new techniques and supports for immobilization of the catalytic metal species has gained increased attention. 10, 14 Thus, a heterogeneous palladium catalyst where the metal is immobilized to a solid support allows for easier separation of the catalyst from the reaction mixture at the end of the reaction and enables efficient recycling of the catalyst. With ligand-free catalytic systems, the reaction also becomes more environmentally friendly and the workup is further simplified. 15 Various supports for palladium have been explored 16, 17 such as palladium on carbon 18 , metal-organic frameworks (MOF), 19, 20 Al 2 O 3,
21
and polystyrene. 22 To this end we decided to investigate a relatively new support, namely a mesocellular foam (MCF), which is a silica based mesoporous material with a large surface area and a large pore volume as well as an adjustable pore size. 23, 24 The MCF support has the advantage of presenting surface silanol groups that can be functionalized, with a range of diverse ligands, making it a great support for chemical catalysts and biocatalysts. [25] [26] [27] Palladium immobilized on aminopropyl (AmP)- heterogeneous catalyst in our laboratories. 28 This catalyst has been used successfully in transfer hydrogenation of alkenes and Suzuki couplings with aryl halides, 29 in racemization of amines, 28 in aerobic oxidation of primary and secondary alcohols 30 and in selective transfer hydrogenation of nitroarenes to anilines. 31 Recently, both enzyme Candida Antarctica Lipase B and palladium nanoparticles were immobilized in MCF (in the same cavity) and used for dynamic kinetic resolution (DKR) amines. 32 Herein we report on the use of Pd 0 -AmP-MCF as a heterogeneous catalyst in Suzuki cross-coupling reactions, using a wide range of heteroaromatic halides and boronderivatives.
RESULTS AND DISCUSSIONS
As depicted in Scheme 1, we initially examined the The same reaction conditions were applied to a range of heteroaromatic halides to investigate the substrate scope. As shown in Scheme 1, the coupled products, 1-3, were obtained in high to excellent yields from the corresponding iodopyridine. Synthesis of 1 using 3-iodopyridine was also evaluated at room temperature and yielded 30% product after 20 h, thus making it impractically slow. Substituting the iodine for chlorine resulted in only 25% yield and a slow reaction even at 130 ºC. Furthermore, the corresponding triflate gave no product (1) and only hydrolysis of the triflate was observed. Exploring the electronic effect in substituted halopyridines revealed that 5-bromopyridine substituted in the 2-position with an electron donating group such as methoxy (4), gave the same high yield compared to the unsubstituted pyridine 1. The yield of 4 could not be improved by prolonged reaction time. Introducing an electron-withdrawing group in the same position, exemplified by products 5 and 6, afforded the biaryl compound in excellent yield for both the bromo and the iodo derivatives, although a longer reaction time, 1 h, was needed with the bromo compounds. In addition, the methodology was found to be efficient also for substrates that contain multiple heteroatoms, such as 5-iodopyrimidine, and 2-iodopyrazine, giving the coupling products, 7 and 8 respectively, in excellent yields. The reaction of 5-iodopyridone was unsuccessful but there is ample support in the literature that more basic nitrogens (pKa = 11 for pyridone 34 ) can coordinate to palladium and inhibit the reaction. 7, 35 In the above-mentioned reaction a color change of the palladium from black to transparent was noticed in the end of the reaction indicating that the palladium may have been deactivated by nitrogen coordination. 7 However, by using the corresponding methylated derivative, the N-methyl pyridone, 10, could be prepared but in a disappointingly low yield. In general, 1 mol% catalyst loading was used for all reactions reported herein. Reduction of the catalyst loading to 0.1 mol% of palladium, under otherwise identical reaction conditions, afforded a 90% yield of biaryl product 2, while with only 0.01 mol% of palladium merely 20% conversion to product 2 was observed after 13
h.
With these results we were encouraged to include a variety of heteroaryl boronic acids. As shown in Scheme 2, the heterobiaryl products, 4, 5, 11-13, were obtained in high to excellent yields independently of electronic effects. It is noteworthy that these transformations failed with the previously employed water/ethanol mixture, probably due to the low solubility of 4-iodoanisol. When ethanol (95% aq) was used as the solvent good to excellent yields were obtained. To further evaluate the substrate scope, the reaction conditions were applied to a number of fused heteroaromatic ring systems. These type of aromatics, particularly 6,5-fused rings are very common in drug discovery. 4 As shown in Scheme 3,6-bromoisoquinoline and 3-bromoquinoline, coupled with 4-methoxyphenylboronic acid, gave excellent to moderate yields of 14 and 15 respectively. We then went on to prove the generality of this protocol by including fivemembered heteroaryl halides. To our surprise, the steric hinderance of the substrates, 4-iodo-3,5-dimethylisoxazole and 4-iodo-1,3,5-trimethyl-1H-pyrazole, did not appreciably affect the yield of the products 21 and 22, which were both coupled in high yields. Furthermore, 2-iodothiophene and 2-iodofurane were both successfully coupled to produce 23 and 24, again in excellent yield. In accordance with the indazole and benzimidazole substrates, 4-iodopyrazole failed to give desired product (pKa 35 14.2 for pyrazole), while the methylated pyrazole derivatives were coupled with 4-methoxy boronic acid to generate the biaryl products 26 and 27 in 16% and 62% yield, respectively. Gratifyingly, the pinacol ester worked perfectly and gave 7 in 93% yield, Table 1 . Running this reaction at room temperature for 24 h gave to our surprise the heterobiaryl in an excellent yield of 90% (Entry 1). Continuing with the phenyl and methoxyphenyl potassium trifluoroborates, as well as the MIDA boronate, the corresponding products 7 and 28 were generated in excellent yield (Entries 2-4). Boronic acids possessing different functional groups (Entries 5-7) were well tolerated and coupled nicely with 5-iodopyrimidine to give 29-31 in excellent yield. Cyclic triol borates are air and water stable and present an alternative to some boronic acids, especially heteroaromatic substrates, where there is a risk of hydrolytic cleavage of the carbon-boron bond under basic aqueous conditions. 37, 38 The lithium salt of 3-pyridyl triolborate, coupled in high yield to give the heterobiaryl product 32 (Entry 8). As recently reported by us, the nanocatalyst shows excellent reusability for Suzuki couplings with aryl halides. 29 To ensure that this was also true for heteroaromatics, which potentially may act as ligands for palladium, the Pd 0 -AmP-MCF was recycled several times. To our satisfaction the catalyst, could be recycled at least three times without any loss of activity (see Scheme 1, products 7 and 8, respectively). Interestingly, analysis of the reused MCF catalyst by transmission electron microscopy (TEM) revealed that the palladium nanoparticles had aggregated to larger particles, Figure 2 , compared with the unused Pd(0)-AmP-MCF where the palladium was well distributed across the support. As mentioned, this had no noticeable effect on the catalytic activity. To investigate whether any palladium had leached from the MCF a leaching test of the MCF particles was performed. The filtrates from two different coupling reactions producing heterobiaryl 1 and 7, respectively, were analyzed with inductively coupled plasma atomic emission spectroscopy (ICP-AES). Using this technique, we could demonstrate that only small amounts, 2.5 and 5.7 ppm, respectively, of palladium had leached out into solution. A hot filtration test was also performed by using the coupling reaction with 5-bromo-2-methoxypyridine, biaryl 4, as a representative case. After 10 min of reaction, the catalyst was filtered off and the yield was determined by LCMS with anisole as internal standard. The filtrate was further stirred under the same reaction conditions for 23 hours. Gratifyingly, there was no observed increase in product formation. The capped vial was heated at 90°C in a metal block for 10 min. The mixture was filtered directly through a plug of celite. Potassium carbonate was added to the mother liquor and the mixture was heated at 90°C in a metal block for 23 h in a sealed microwave vial.
The reaction was analyzed by LCMS against the internal standard.
3-(4-Methoxyphenyl)pyridine 39 (1)
Purification by flash chromatography using a gradient of ethyl acetate/heptane 0→40% ethyl acetate gave 52 mg (94%) of 1 as a white solid. 
4-(4-Methoxyphenyl)pyridine 40 (2)
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 0→40% ethyl acetate afforded 51 mg (92%) of 2 as a light yellow solid. 
2-Methoxy-5-(4-methoxyphenyl)pyridine 40 (4).
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 0→40% ethyl acetate gave 60mg (93%) of 4 as a white solid. 
2-Fluoro-5-(4-methoxyphenyl)pyridine 41 (5).
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 0→40% ethyl acetate gave 56mg (92%) of 5 as a white solid. 
5-(4-Methoxyphenyl)pyrimidine 40 (7)
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 0→40% ethyl acetate to give 56mg (99%) of 7 as a white solid. 
2-(4-Methoxyphenyl)pyrazine 43 (8)
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 0→40% ethyl acetate gave 53mg (95%) of 8 as a white solid. 
3-(4-Methoxyphenyl)-5-(methylsulfonyl)pyridine (11)
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 40→60%
ethyl acetate gave 63mg (80%) of 11 as a white solid. 
3-Chloro-5-(4-methoxyphenyl)pyridine (12)
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 0→40% ethyl acetate afforded 57mg (86%) of 12 as a white solid. Purification by flash chromatography using a gradient of ethyl acetate/heptane, 0→40% ethyl acetate gave 83mg (95%) of 13 as a yellow solid. 
6-(4-Methoxyphenyl)isoquinoline (14)
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 10→40% 
6-(4-Methoxyphenyl)-1H-indole 35 (17)
Purification by flash chromatography using a gradient of ethyl acetate/heptane, 10→40% 189.1028, found 189.1021.
3-(4-Methoxyphenyl)-1-methyl-1H-pyrazole (27)
Purification by flash chromatography using a gradient of ethyl acetate/heptane 20→50% ethyl acetate afforded 40mg (62%) of 27 as a light beige solid. 
